Rho-kinase inhibitor Y27632 (32) had no detectable effect on microtubule organization, delocalized myosin II, and again did not perturb anillin. Thus, Rho-kinase is required to localize myosin II to furrows in blebbistatin-arrested cells, which is broadly consistent with previous data (33) , and other kinases, probably including aurora B, are required for midzone organization.
Cyclin-dependent kinase (CDK) inhibitors and monastrol do not perturb the cytology of blebbistatin-arrested cells (Table 1) . Thus, CDKs do not appear to be directly involved in maintaining the contractile ring after anaphase, although it is possible that they might influence C-phase timing. The target of monastrol, the mitotic kinesin Eg5, is thought to have a central role in the establishment of spindle bipolarity, but our data suggest that it is not responsible for bipolar organization of the midzone during cytokinesis.
Our experiments emphasize the usefulness of fast-acting and reversible drugs in a dynamic cellular pathway such as cytokinesis. It is impossible to determine whether Eg5, for example, is required in cytokinesis with simple ablation experiments, because the ablation of Eg5 disrupts mitosis. New drugs that target guanosine triphosphatases, membrane dynamics, and mitotic motors will be useful in further dissecting the logic of cytokinesis. These proteins and processes are all required for cytokinesis (1, 2) , but their precise roles in timing and spatial organization have yet to be defined. The mitochondrial inner membrane imports numerous proteins that span it multiple times using the membrane potential ⌬ as the only external energy source. We purified the protein insertion complex (TIM22 complex), a twin-pore translocase that mediated the insertion of precursor proteins in a three-step process. After the precursor is tethered to the translocase without losing energy from the ⌬, two energy-requiring steps were needed. First, ⌬ acted on the precursor protein and promoted its docking in the translocase complex. Then, ⌬ and an internal signal peptide together induced rapid gating transitions in one pore and closing of the other pore and drove membrane insertion to completion. Thus, protein insertion was driven by the coordinated action of a twin-pore complex in two voltage-dependent steps.
The mitochondrial inner membrane contains two translocases that are responsible for the specific import of hundreds of different proteins (1-4). The presequence translocase (TIM23 complex) typically transports hydrophilic preproteins with amino-terminal presequences by using the inner membrane potential ⌬ for initiation of translocation and the ATP-driven Hsp70 motor for completion of transport. mains, the growth of yeast cells and the function of mitochondria were not impaired. Mitochondria were isolated and lysed with digitonin. After purification on IgG-Sepharose, proteins in the eluate were separated by SDSpolyacrylamide electrophoresis (SDS-PAGE) and detected by immunodecoration. Only the subunits of the TIM22 complex were found in the eluate (Fig. 1A) ; none of the other mitochondrial translocase complexes were present. After selective proteolytic removal of the ProtA-tag, the mobility of the purified TIM22 complex on blue native gels (BN-PAGE) was indistinguishable from that of the TIM22 complex in a detergent lysate of whole wild-type mitochondria (Fig. 1B) . Protein staining did not reveal any other complex (Fig. 1C) . All major components of the purified complex were identified by electrospray ionization mass spectrometry. Thus, the entire TIM22 complex was purified.
We reconstituted the purified TIM22 complex into small unilamellar liposomes and fused them with a planar lipid bilayer. Current recordings revealed a channel activity that exhibited the basic characteristics as observed for expressed Tim22 alone (5) (7), only the 13-amino acid peptide named P2 interacts with purified Tim22, inducing a flickering of the recombinant Tim22 channel at a membrane potential above 140 mV (5). Amino acid stretches related to P2 are conserved in a number of other carrier proteins (6) . When P2 was added to the TIM22 complex, it also induced a rapid gating activity, but two major differences were observed. First, P2 induced flickering of only one of the two pores; the other pore was mainly closed (Fig. 2, A and B) . Second, the TIM22 complex required a much lower threshold voltage to induce the increased frequency of channel gating than did Tim22 alone. A membrane potential of 75 mV induced rapid gating of the complex (Fig. 2 , A and C). Moreover, the frequency of gating transitions was significantly higher for the TIM22 complex than for Tim22 alone (Fig. 2C) . When application of a membrane potential was prolonged in the absence of P2, the Tim22 channels closed (Fig. 2, A and B, and fig. S1C ), which suggests that, in the absence of precursor proteins, the Tim22 channels of energized mitochondria were mainly closed and thus a major leakage of ions was prevented. When P2 peptide was present, however, the TIM22 complex was preferentially in the rapid gating state, which was also true after prolonged voltage application (Fig. 2, A and B, and fig.  S1C ). Thus, the assembly of Tim22 channels into a multisubunit complex led to a coordinated regulation of the channel activities: only one out of two pores underwent rapid gating; at the same time, the sensitivity to the signal peptide was increased because the threshold voltage for induction of rapid gating was reduced by half.
The structure of the purified TIM22 complex was investigated by single-particle electron microscopy. Assessment of the micro- S2, B and C) . The processed images revealing two stain-filled centers were in excellent agreement with the electrophysiological observation of a twin-pore translocase. Singleparticle analysis of the translocase of the outer mitochondrial membrane (TOM) has indicated the presence of two or three pore-like structures (8) (9) (10) . We compared the image density profiles of the TIM22 complex with the two-pore TOM core complex (of ϳ400 kD) (Fig. 3) . The TIM22 complex was smaller (ϳ110 Å in overall length) and exhibited a smaller pore diameter (ϳ16 Å) than the TOM core complex (ϳ25 Å), consistent with the electrophysiological results (5, 8, 9, 11) .
We asked how the activation of the purified TIM22 complex by membrane voltage and a carrier signal peptide corresponds to the actual transport of complete precursor proteins in organello. The import of the carrier precursors into mitochondria has been divided into five sequential stages ( fig. S3 ): cytosolic transport form (stage I); binding to surface receptor (stage II); translocation across outer membrane and association with the small, soluble Tim proteins (Tim9-Tim10) in the intermembrane space (stage III); insertion into the inner membrane (stage IV); and assembly to the function- al, mature dimer (stage V) (12) (13) (14) (15) . Although stages I, II, III, and V have been analyzed in detail, the actual insertion into the inner membrane (stage IV) has remained elusive, because neither detailed import kinetics nor import at lower temperature led to an efficient accumulation of precursor proteins at stage IV. We gradually lowered the mitochondrial membrane potential by adding increasing concentrations of the protonophore CCCP (6) [in the presence of oligomycin (16) ] and analyzed the import of the dicarboxylate carrier by BN-PAGE. To analyze the late stages of carrier import (from III to V), mitochondria were treated with proteinase K to remove surface-exposed precursors. At a high ⌬ (no CCCP), the carrier was mainly found in the mature dimeric form (Fig. 4A) , whereas in the absence of a ⌬ (high concentration of CCCP), the lower-molecular-mass stage III Fig. 2 . The purified TIM22 complex contains two coupled pores. The TIM22 complex was isolated from mitochondria by means of IgG chromatography, eluted by TEV protease treatment, and subjected to BN-PAGE. After elution in buffer containing 1% N-heptyl-␤-thioglucopyranoside, the complex was reconstituted into liposomes that were subsequently fused with a planar lipid bilayer. (A and B) Two coupled pores formed by the TIM22 complex responded differentially to an internal signal peptide of the phosphate carrier [P2:
TSTTLLNLLSGLT (26) form was observed as expected ( Fig. 4A) (13, 17) . At intermediate levels of the membrane potential, however, a high molecular mass form of the radiolabeled carrier was observed (Fig. 4,  A (Fig.  4B) . Although, in fully energized mitochondria with a membrane potential of 150 mV or more, the carrier precursors were transported through the TIM22 complex (12, 18) , the reduction of ⌬ permitted the observation of an intermediate at stage IV. The membrane potential had to be below 60 mV for an efficient arrest of the carrier precursor in the TIM22 complex. The observed stage IV-arrested carrier protein was efficiently chased into its fully assembled, dimeric form upon restoration of the membrane potential, shown for both the dicarboxylate and phosphate carriers (Fig. 4C) . Thus, the stage IV-arrested protein represented a productive translocation intermediate. S-labeled carrier was imported into wildtype and Tim18 ProtA mitochondria. Valinomycin (1 M Val) or CCCP were present as indicated. After the import reaction, mitochondrial protein complexes were directly assessed by BN-PAGE (lanes 1 to 4, wild-type mitochondria) or a purification was performed (lanes 5 to 8, mock isolation from wild-type mitochondria; lanes 9 to 12, TIM22 complex isolated from Tim18 ProtA mitochondria). (C) Carrier arrested at stage IV can be chased into stage V. A small, yet significant, fraction of the carrier was found in association with the TIM22 complex even in the complete absence of a membrane potential (addition of valinomycin) (Fig. 4B ). To exclude a post-lysis association of the carrier with the TIM22 complex, we performed a mixing experiment.
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S-labeled carrier was imported into either wild-type mitochondria or mitochondria carrying ProtA-tagged Tim18. After the import reaction, the mitochondria were mixed and lysed with digitonin (Fig. 4D) . The purified TIM22 complex carried the stage IVcarrier intermediate only when the radiolabeled precursor was imported into Tim18 ProtA mitochondria (Fig. 4D) , which demonstrates that the association of carrier with the TIM22 complex had occurred in intact mitochondria. We asked if the fraction of carrier associated with the TIM22 complex in the absence of a membrane potential ("tethered form") was bound in a different way to the stage IV intermediate at low membrane potential ("docked form"). Perhaps in the absence of a ⌬, the carrier preferentially associates with the small Tim proteins of the TIM22 complex that interact with the hydrophobic segments of carrier proteins (19) , whereas in the presence of a low ⌬, the carrier comes into contact with the pore where ionic interactions could also take place. The carrier can contact the small Tim proteins at the TIM22 complex (including Tim12) in the absence of a ⌬ (15, 20) , whereas contact to Tim22 requires the membrane potential (21) . Indeed, when the carrier was arrested at the different steps the tethered precursor was significantly more resistant to increasing ionic strength of the buffer than the docked precursor (Fig. 4E) . Thus, tethered and docked forms of the carrier reside in different molecular environments at the TIM22 complex, the tethered protein probably being in a more hydrophobic environment.
We conclude that the interaction of carrier proteins with the TIM22 complex occurred in three steps. (i) Tethering of the precursor to the translocase occurred in a ⌬-independent manner. (ii) The first of two voltage-dependent steps resulted in docking of the precursor in the translocase. A ⌬ below 60 mV, which did not influence the activity of the channel itself, was sufficient for the docking step, indicating that ⌬ was acting on the precursor protein. Because the matrix-exposed loops of the carrier proteins have a net positive charge (22, 23) , an electrophoretic effect of the ⌬ on the translocation of the loops is conceivable (18, 24, 25) . (iii) In the presence of a carrier signal peptide, a membrane potential above 70 mV then activated channel gating. The peptide P2 is uncharged; this excludes a direct effect of ⌬ on the peptide but indicates an influence of ⌬ on the channel itself. The P2 peptide is composed of part of an intermembrane space loop and the beginning of the fifth transmembrane segment of the carrier (7). Because the carrier module consisting of the fifth and sixth transmembrane segments with the connecting matrix loop probably inserts first into the inner membrane (14) , P2 will come into contact with Tim22 when most of this module has already been inserted. It is unlikely that P2 blocks the Tim22 pore by itself, but rather induces an activity of the TIM22 complex that leads to the next steps of insertion, i.e., the closing of one channel pore, possibly to keep the inserted transmembrane segments tightly in the translocase, and the concomitant rapid gating activity of the other channel pore to promote the insertion of additional transmembrane segments. Finally, the carrier protein is laterally released into the lipid phase of the inner membrane. The single energy source, ⌬, thus plays a dual role in protein insertion by acting on both the precursor protein and the channel. Carbonylated proteins were visualized in single cells of the budding yeast Saccharomyces cerevisiae, revealing that they accumulate with replicative age. Furthermore, carbonylated proteins were not inherited by daughter cells during cytokinesis. Mother cells of a yeast strain lacking the sir2 gene, a life-span determinant, failed to retain oxidatively damaged proteins during cytokinesis. These findings suggest that a genetically determined, Sir2p-dependent asymmetric inheritance of oxidatively damaged proteins may contribute to free-radical defense and the fitness of newborn cells.
In the yeast Saccharomyces cerevisiae, cell division is asymmetrical and some genetic material is unequally distributed (1) . For example, the daughter cell does not inherit extrachromosomal ribosomal DNA circles (ERCs), which accumulate in mother cells during growth and have been suggested to cause replicative senescence (2) . Reports have shown that cells lacking the silent information regulator, Sir2p, an NAD (nicotinamide adenine dinucleotide)-dependent histone deacetylase (3), contain more ERCs than their wild-type counterparts and have a reduced replicative potential (4). It has also been suggested that the age asymmetry may depend on partition of undamaged cellular components to the progeny (5) and that old mother cells show markers of oxidative stress (6) . However, no information is available on whether oxidative damage, like ERCs, accumulates as a function of replicative age.
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